INTRODUCTION
Full waveform inversion (FWI) estimates the parameters of the subsurface model (P-wave velocity in this case) by minimizing the difference between the modelled and observed seismic wavefield using an appropriate objective function (Tarantola, 1984) . Although the concept and algorithms have been well tested on synthetic data, the application of gradientbased FWI to field data has been challenging due to several difficulties. One of the key challenges is the lack of lowfrequency content within the seismic data (Virieux and Operto, 2009 ). This lack of low-frequency information results in seismic inversions with poor sensitivity to long and intermediate wavelengths and introduces problems with local minima (Jannane et al., 1989) . Low frequency data with high signal-to-noise (S/N) ratios across a broad spectrum are important for the success of FWI.
In marine seismic streamer data, low frequencies are absent due to the low-cut spectral responses of airgun sources and hydrophone receivers, and the fact that the air-water interface produces source and receiver ghost reflections which create notch frequencies in the data amplitude spectrum. The reflection at the air-water interface leads to a reduction of the useful frequency bandwidth via constructive and destructive interference. Recent advances in marine broadband acquisition, such as CGG's use of a variable depth streamer (Soubaras and Dowle, 2010) , have enabled improved signalto-noise (S/N) low frequency information to be recorded. This technology is also based on the use of low frequency hydrophones and solid streamers. The variation in receiver depth along the cable introduces notch diversity on the receiver side; as the cable is towed deeper, a better low frequency response can be recorded at a low noise level.
In this paper, we illustrate the application of frequencydomain FWI to two 2D data sets acquired simultaneously offshore North West Australia (NWA); one data set was recorded with a conventional streamer, and the other with the use of variable depth streamer configuration. First we discuss the two data sets, and our frequency-domain FWI algorithm. We then present each FWI result, and discuss the superiority of the broadband FWI results obtained with the variable depth streamer data.
METHOD AND RESULTS

Variable depth streamer
The air-water interface in marine seismology introduces the so-called source-side and receiver-side ghost notches in the amplitude spectrum. With the up-and down-going wave propagation assumption, the receiver-side ghost or the notch frequencies can be calculated as (1) where z is the depth of receiver and c is the sound of speed in water. Therefore, with a fixed-depth or conventional streamer configuration, in order to obtain a better low frequency response, the streamer can be towed deeper, however then the higher frequencies will suffer from the second and third spectral notches shifting to lower frequencies.
Variable depth streamers were tested in the 1980s' with a view to introducing "notch diversity" (notch frequencies vary with cable depth and source-receiver offset along the cable), primarily to overcome the high frequency notch. CGG introduced a variation to this configuration, where the streamer dives relatively rapidly to a depth of around 50 m, in a deliberate attempt to suppress the low frequency notch and reduce the amount of swell noise, while at the same time still suppressing the high frequency notch.
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Figure 1(a) shows two shot gathers in the same location, one is of the conventional streamer data and the other is the variable depth streamer data. Figure 1(b) shows the corresponding notch frequencies (white solid line on amplitude spectrum) calculated by equation (1) using the receiver geometry in the SEGY headers. As the position of the receivers becomes deeper with offset, each notch frequency varies accordingly in the variable depth streamer data. At the far offset, the notch frequencies calculated by equation (1) do not match exactly with the amplitude spectrum, because equation (1) assumes error-free receiver depths and constant velocity plane wave propagation. The amplitude responses between two data sets are similar at the nearest offsets, while at further offset the variable depth streamer data shows a much better preserved [2.5 -25] Hz frequency band spectrum; this is the main benefit of the variable streamer configuration for FWI.
Frequency-domain inversion algorithm
In the frequency domain, the time-damped wavefield can be expressed as, (2) where a complex angular frequency is defined as In the following, angular frequency will denote complex angular frequency in general.
The modelled wavefield can be obtained by solving the frequency-domain acoustic wave equation, which can be expressed as a matrix equation using the finite element method as (e.g. Pratt et al., 1998) 
The objective function in the frequency-domain FWI can be (4) where is the model parameter vector, and are the modelled and observed wavefields in the frequency domain, respectively and is the number of sources. The steepest descent direction of the objective function can be obtained by differentiating eq. (4) by the model parameters. For instance, with respect to a model parameter,
, we obtain the gradient as
The partial derivative wavefield in eq. (5) can be calculated as (6) by differentiating eq. (4) with respect to the model parameter. Substituting eq. (6) into eq. (5), we have the steepest descent direction as (7) the zero-lag cross-correlation between the virtual source and the back-propagated residual (Pratt et al. 1998) . We scale the steepest descent direction by the diagonal elements of the pseudo-Hessian (Shin et al. 2001 ) at every frequency, and updated the model parameter as follows: (8) where is the iteration number, is the step length, is a weighting function, is the pseudo-Hessian matrix, and is a stabilizing constant. The source wavelet can be updated simultaneously with model parameter update (Shin et al., 2007) .
The application of FWI to variable depth streamer data requires that we compute the modelled wavefields and backpropagate the residuals at arbitrary (non-grid point) source and receiver positions. With the application of Kaiser windowed sinc functions (Hicks, 2002) , we solve the 2-D acoustic wave equation with a FEM approach on a 12.5 m mesh. 
DATA EXAMPLES
We performed frequency-domain FWI to two 2D streamer data sets. The conventional streamer configuration has 564 channels at 12.5 m spacing, towed at the fixed depth of 7 m. The minimum offset is 177 m and the maximum offset is 7,200 m. The variable depth streamer configuration has 648 channels at 12.5 m spacing, towed at the variable depth of 8 ~ 57 m. The minimum offset is 167 m and the maximum offset is 8,250 m. Both streamers record the same 2,478 shots with a 20 m shot interval. In the FWI process, we used every 4 th shot to save computational cost. The maximum recording time is 7.2 s, and the sample rate is 2 ms.
After transforming the time-damped wavefield to frequency domain with a = 0.75 in equation (2), we compensated the 3D divergence to 2D in the frequency domain by multiplying the ratio of the analytic 2D and 3D acoustic Green's function for the homogeneous media as (9) where r is the distance between the shot and receiver and c is the velocity of media. The initial velocity model consisted of a constant velocity water layer and a smooth 1D sediment velocity function below the seafloor. We used the conjugate gradient method (Ha et al. 2009 ) and updated the P-wave velocity model below the water layer by setting the gradient of water layer as zero. We constrained the minimum velocity to be the velocity of seawater at 1.5 km/s and the maximum velocity to be 4.5 km/s based on regional logs. Figure 2 and 3 show the gradient at 1 st iteration in the frequency band 1.5~8.5 Hz and 3.5~15 Hz, respectively. Figure 2 shows that in case of conventional streamer data FWI, the gradient is distorted by the noise in low frequency content below 3.5 Hz, while in case of variable depth streamer data FWI the results are excellent down to at least 1.5 Hz. For an unbiased comparison, and to prevent low frequency noise contamination in the conventional data, we also ran FWI on both datasets using only the [3.5 -15.0] Hz frequency band, as shown in Fig. 3 . Figure 4 shows the inverted P-wave velocity model using FWI. The inverted model for the variable depth streamer FWI has very nicely found the shallow high and low velocity layers, and the high velocity thin layer structure at around 3 km depth that cannot easily be detected in the result of conventional streamer FWI. The improved low frequency content in the variable depth streamer data can better penetrate to deep targets and provide better stability and quality for the FWI results.
CONCLUSIONS
We have compared the frequency-domain acoustic FWI results of marine seismic data sets acquired by conventional streamer and variable depth streamer. The FWI gradients are strongly distorted by low frequency noise in the conventional data, while the gradient of the variable depth streamer data FWI is still reliable at low frequencies (~1.5 Hz), which is important for robust frequency-domain FWI. In an unbiased comparison, we also performed FWI of the [3.5 -15.0] Hz frequency band for both data sets. The improved low frequencies of the variable depth streamer data gives superior FWI results, and thus has significant benefits in the application of FWI to real data.
